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A reexamination of the cDNA clones of the Strongylocentrotus purpuratus sea urchin egg receptor for sperm resulted in
several important changes to the sequence. By using both rapid ampli®cation of cDNA ends (RACE) and Northern blot
analysis for con®rmation, the corrected deduced amino acid sequence was shown to lack a classical signal peptide. In
addition, a frame shift resulted in a stop codon terminating the deduced sequence prior to a putative transmembrane
domain, thereby truncating the protein to 889 amino acids. The deduced amino acid sequence of the receptor has high
sequence similarity to the hsp 110 subfamily of proteins. These ®ndings on the primary structure of the egg receptor for
sperm raise important questions concerning the mechanism by which the heavily glycosylated receptor is localized to the
extracellular surface of the egg and to the cortical granules. q 1997 Academic Press
INTRODUCTION sion proteins, prepared from the 45A cDNA clone, attached
to glutathione beads (Stears and Lennarz, manuscript in
preparation). Very recently the binding of recombinant 45AFollowing isolation of a 70-kDa glycoprotein proteolytic
fragment from the cell surface of eggs of the sea urchin to recombinant bindin, the protein present at the tip of
acrosome-reacted sperm, has been quantitated (Cameron etStrongylocentrotus purpuratus (Foltz and Lennarz, 1990)
and preparation of an antibody against it (Foltz and Lennarz, al., 1996).
During efforts to assemble a full-length cDNA construct1992), the egg receptor for sperm was cloned and sequenced
(Foltz et al., 1993). Studies using immuno¯uorescence encoding for the receptor, several sequence errors were
found. One error was a cloning artifact at the 5* end of a(Foltz and Lennarz, 1992), as well as immunogold tech-
niques (Ohlendieck et al., 1994b), revealed that the receptor cDNA clone called 12.6. Based on sequence and restriction
mapping, this cDNA clone had earlier been shown to con-was present on the cell surface of developing oocytes and
eggs and quickly disappeared after fertilization (Partin et tain extensive overlap with the 45A clone at its 3* end (Foltz
et al., 1993). However, we found by Northern blot analysisal., 1996). In fertilization inhibition competition assays, a
recombinant fusion protein (termed 45A), encoding for a using a fragment of the 12.6 clone as a probe that this clone
contained an unrelated fragment fused at its 5* end. In addi-region of the receptor protein presumed to be extracellular,
was shown to effectively compete for sperm binding in a tion, upon resequencing some of the overlapping clones en-
coding the C-terminus of the receptor, it was determinedspecies-speci®c manner (Foltz et al., 1993). Direct demon-
stration of the sperm binding properties of the recombinant that a stop codon was present just prior to the putative
transmembrane domain originally reported (Foltz et al.,45A fusion protein, the 70-kDa glycoprotein fragment, and
the puri®ed intact receptor to sperm initially was accom- 1993). In this communication we report the results of stud-
ies that lead to a new deduced amino acid sequence of theplished by immobilizing these proteins on polystyrene
beads (Foltz et al., 1993; Ohlendieck et al., 1993). Subse- receptor and the implications of these ®ndings.
quent work con®rmed the sperm adhesive properties of a
series of recombinant glutathione S-transferase (GST) fu- MATERIALS AND METHODS
Isolation and Puri®cation of RNA
Total RNA was extracted from S. purpuratus ovary containing1 To whom correspondence should be addressed. Fax: (516) 632-
8575. E-mail: wlennarz@life.bio.sunysb.edu. immature oocytes, eggs from individual females, or pools of eggs
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from several females using the guanidine thiocyanate method on both strands by the dideoxy chain termination method (Sanger
et al., 1977) using Sequenase 2.0 (Amersham). Areas with GC com-(March et al., 1985). Poly(A)/ RNA was puri®ed using Dynabeads
(Dynal, Lake Success, NY). pressions or ambiguities were further sequenced using cycle se-
quencing techniques (Epicentre Technologies, Madison, WI). Se-
quence comparisons were done using GenBank ``blastp'' program.
PCR Manipulations, DNA Sequencing, and
Computer Analysis
Northern Blots
Rapid ampli®cation of cDNA ends (RACE) was performed ac-
Total RNA (20 mg per lane) from S. purpuratus eggs was separatedcording to Frohman (1994). Brie¯y, for 3* RACE 1 mg poly(A)/ or 5
in formaldehyde±1% agarose gels and transferred to Hybond Nmg total RNA was reverse transcribed using Superscript II reverse
membrane (Amersham, Arlington Heights, IL) in 101 SSC. Blotstranscriptase (Gibco Life Technologies, Gaithersburg, MD). PCR
were air-dried and UV crosslinked followed by hybridization atwas performed using RACE primers, QT, QO, QI as described (Froh-
427C with [a-32P]dCTP (NEN)-labeled random primed (Gibco Lifeman, 1994) and nested primers: 1815F, 5*-GAAGGAGTGCAG-
Technologies, Gaithersburg, MD) DNA probes. HybridizationCACGACGC-3*, 1845F, 5*-GCTAGATGAAGCTGTGGCAAG-
buffer contained 50% formamide, 11Denhardt's solution, 41 SET,GGG-3*. The names of the primers are based on their location in
0.1% NaPPi, 250 mg/ml salmon sperm DNA, 1% SDS, and 10%the previously published sequence (Foltz et al., 1993). 5* RACE
dextran sulfate. Blots were washed in decreasing concentrationsutilized primer 1285R, 5*-TTGCTTGTAGATGCCGTATGC-3* for
of SET (1.0 to 0.11 SET, 0.2% NaPPi, 0.1% SDS) and increasingreverse transcription and nested primers for subsequent ampli®ca-
temperature (42±657C) and exposed to autoradiography ®lm (Kodaktion (1255R, 5*-ACTGCAGTAGTATCGCTGATG-3* and 1210R,
XAR-5) at0707C. Because the probes differed in speci®c radioactiv-5*GCTACAGCAATCTCTGCTGCTGGG-3*). To minimize errors
ity, the stringencies and ®lm exposure times had to be adjusted.caused by the DNA polymerase, complementary DNAs were am-
Probes were generated by restriction endonuclease digestion of ex-pli®ed using Expand Long Template PCR System (Boehringer
isting clones except for 12.1, which was a PCR product. All DNAMannheim, Indianapolis, IN) which contains a mixture of Taq and
fragments were puri®ed from agarose gels using the Geneclean IIPwo polymerase. Pwo retains its proof-reading 3*-5* exonuclease
Kit (Bio 101) La Jolla, CA. The probes used (see Fig. 2A) were 12.1activity. After the validity of the PCR products was con®rmed by
cDNA library clone (PCR primers: T3 and 12.1/2 5*-CTCACCAAA-Southern blotting using 45A as a probe, the products were sub-
ACTGACTACTGAAGG-3*), 12.6 cDNA library clone (EcoRI tocloned into pGEM-7zf (Promega, Madison, WI). Reverse transcrip-
NcoI fragment), 45A cDNA library clone (EcoRI insert), 3*RM (ClaItion±polymerase chain reaction (RT±PCR) was performed using
to XhoI fragment of 3* RACE-1B clone), and 3* UTR (XhoI fragmenteither random primed or oligo(dT)-primed cDNA and the Expand
of 3* RACE-1B clone).Long Template PCR System (Boehringer Mannheim). Oligonucleo-
tide primers corresponding to the two chemically determined pep-
tide sequences were used: 1210F, 5*-GCTATCCACGCAGCA-
GAGATTGCTGG-3* and 2180R, 5*-TTAAAGATACCGTGA- RESULTS AND DISCUSSION
CCGTCCACGCG-3*. Sequencing was performed on ®ve clones of
the 5* RACE products, three clones of 3* RACE product, and four To reexamine the reported sequence of the receptor, we
clones of the RT-PCR product. Any variations in the sequence of
utilized a strategy in which we performed 5* RACE, 3*the PCR-generated clones, detected in the ORF (less than 1%), are
RACE, and RT±PCR using S. purpuratus egg RNA andbelieved to represent different alleles in the RNA preparations from
primers corresponding to or just outside of the chemicallydifferent females. The sequence shown in Fig. 1B represents single
determined sequence of two peptides obtained by ArgC di-overlapping clones in their entirety, rather than a consensus of the
many clones that were sequenced. The PCR clones were sequenced gestion of the 70-kDa Lys C proteolytic fragment of the
FIG. 1. (A) Experimental strategy used to obtain the sequence of the S. purpuratus egg receptor for sperm. Dark gray boxes represent the
chemically determined sequences of two peptide fragments generated by digestion of the 70-kDa extracellular fragment of the receptor
(Foltz et al., 1993). Primers corresponding to receptor sequence are indicated by arrows: RACE primers QT, QO, and QI (Frohman, 1994)
are not shown. The untranslated regions are indicated by light gray boxes, with the ORF being within these two regions. (B) Nucleotide
and predicted amino acid sequence of the receptor for sperm determined from the strategy shown in A. See Materials and Methods for
details. Boxed amino acids represent differences from the original (Foltz et al., 1993) cDNA library clones. Differences at the nucleotide
level are indicated by overlines. Nucleotide 2723 and 2848 represent insertions that cause frame shifts leading to a stop codon at nucleotide
2855. The GenBank Accession No. is U72874. Corrected sequence for the library cDNA clones has also been updated in GenBank under
Accession No. L04969.
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FIG. 2. Northern blot analysis of sea urchin egg total RNA. (A) Diagram showing schematic of full-length constructs of the egg receptor
for sperm as published in 1993 and the corrected sequence. DNA fragments used to generate random-primed DNA probes are shown as
striped boxes within the individual clone. Light gray areas represent untranslated regions, dark gray areas represent the two peptides
whose N-terminus were chemically determined, and the black box labeled TM represents the putative transmembrane domain originally
proposed. (B) Results of Northern blot analysis. The experimental conditions used are described under Materials and Methods.
receptor (Foltz et al., 1993). This strategy is diagrammed in prior to the putative transmembrane domain, as well as
several other amino acid substitutions. The stop codonFig. 1A. Both of the chemically determined sequences were
shown to be contained within the 45A cDNA clone (Foltz truncated the ORF to encode a protein of 889, not 1278
amino acids as originally reported (Foltz et al., 1993). Aet al., 1993). The sequence established from the 5* RACE
product corresponded to that of a partially characterized Kyte±Dolittle hydropathy plot is shown in Fig. 3. It is evi-
dent that no readily identi®able signal peptide or transmem-cDNA clone (12.1) that overlapped with 45A and was identi-
®ed in the original library screen (K. Foltz, personal commu- brane sequences exist. A relatively high content of cysteine
and proline residues was found in the N-terminal two-thirdsnication). It did not correspond to the sequence of the 5*
end of the 12.6 cDNA clone as originally reported. In order of the protein. This portion of the protein also contained at
least 17 potential O-linked glycosylation sites and 5 poten-to con®rm the identity of the new sequence, Northern blot
analysis was performed using only unique sequence con- tial N-linked glycosylation sites. We presume that these
and perhaps other co- or posttranslational modi®cations aretained in either the 5* end of cDNA clone 12.1 or 12.6.
The DNA probes, shown diagramatically in Fig. 2A, were responsible for the mobility of the receptor analyzed by
SDS/PAGE (Mr of 350 kDa), which is markedly lower thangenerated to encompass the majority of the revised se-
quence contained within the PCR products. From the re- that expected on the basis of the deduced amino acid se-
quence, namely, approximately 100 kDa. In good agreementsults of this analysis we were able to determine that the
12.6 cDNA clone contained an unrelated DNA fragment with this ®nding, we recently have con®rmed earlier obser-
vations (Ohlendieck et al., 1993) that the 350-kDa receptorwith high similarity to a domain of sea urchin mitochon-
drial DNA fused at its 5* end. In contrast, the 12.1 clone is 70% carbohydrate (S. Kitazume and W. Lennarz, 1997,
manuscript in preparation), indicating a calculated mass ofhybridized to a transcript at approximately 6.5 kb. As shown
all probes (except for 12.6) were found to hybridize to the approximately 105 kDa for the polypeptide chain.
same 6.5-kb transcript in egg RNA (Fig. 2B). The lower band
at approximately 3 kb is an artifact resulting from use of
total egg RNA (it migrates at the bottom of the 28S ribo-
somal RNA), as can be seen in the lane probed with a por-
tion of the 12.6 clone.
The corrected nucleotide sequence and deduced amino
acid sequence are shown in Fig. 1B. Analysis of the revised
deduced amino acid sequence revealed that the 5* untrans-
lated region and the majority of the ®rst 100 amino acids
were changed, although only 3 amino acids at the 5* end of FIG. 3. Kyte±Dolittle plot of the receptor sequence. It is apparent
45A were altered. Sequencing of the 3* RACE product re- that no extended regions of hydrophobicity exist along the length
of the receptor sequence.vealed the presence of a stop codon due to a frame shift
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Second, there are no biochemical indications that hsp 110
proteins are glycosylated or oligomerized via disul®de
bonds, even though they do contain an abundance of cys-
teine residues in the N-terminus. In contrast the receptor
and the 70-kDa proteolytic fragment derived from it are
heavily glycosylated and contain both N- and O-linked oli-
gosaccharide chains (Dhume and Lennarz, 1995). Moreover,
the receptor exists in a biologically active form as a disul®de
linked oligomer; reduction leads to its inactivation (Ohlen-
dieck and Lennarz, 1995). Both glycosylation and disul®de
bond formation would be expected to have profound effects
on the three-dimensional structure of the receptor protein
in the N-terminal domain, where the greatest similarity in
primary structure to the hsp 110 subfamily exists.
The earlier studies cited above demonstrating the cell
surface localization of the receptor have very recently beenFIG. 4. Comparison of S. purpuratus egg receptor for sperm to
extended by use of an array of antibodies, including a mono-Hsp 110 from CHO cells. Blocks of 50 amino acid residues were
clonal antibody and confocal microscopy (Giusti et al.,compared using blastp setting in the GenBank database. Shaded
bars indicate sequence identity, while unshaded bars represent se- 1997). These observations raise the important question of
quence similarity between the two molecules. It is clear that no how to relate these ®ndings to the absence of both a typical
signi®cant homology exists in two domains in the C-terminus be- hydrophobic signal peptide at the N-terminus and a trans-
tween residues 500 to 625 and 825 to 889. membrane anchor. There are a number of examples of se-
creted or cell surface proteins lacking identi®able signal
peptides (Muesch et al., 1990; Kuchler and Thorner, 1992).
Moreover, there are other well-known modes of associationAs shown in Fig. 4, another feature of the N-terminal
500 amino acid residues is high sequence similarity to a of proteins with membranes, including GPI, fatty acyl, and
isoprenyl anchors, as well as the recent ®nding of a choles-subfamily of heat-shock proteins called hsp 110/SSE that
were cloned subsequent to identi®cation of the egg receptor. terol anchor (Porter et al., 1996). It may be relevant that
none of these mechanisms are known to be functional inThe hsp 110 subfamily now contains at least 5 members:
Hsp 110 derived from Chinese hamster ovary (CHO) cells mediating the close association of the proteins of the vitel-
line layer of the frog or the zona pellucida of the mammal(Lee-Yoon et al., 1995), Apg-1 a mouse testis-speci®c heat
shock protein (Accession No. D49482), Hsp 105 a and b with the surface of the egg. In the case of both of these
organisms, and perhaps in the sea urchin as well, thus far(splice variants) cloned from a mouse mammary cell line
(Yasada et al., 1995), and Osp94 osmotic shock protein from the proteins that have been shown to interact with the
sperm may more correctly be viewed as extrinsic bindingmouse kidney cells (Kojima et al., 1996). The sequence iden-
tity in the N-terminal 500 amino acid residues of the recep- proteins, rather than integral plasma membrane-associated
receptors. An important observation with respect to the seator is 63% when compared with Hsp 110 from CHO cells.
In contrast, in the C-terminal half there are two blocks of urchin egg receptor that may lead to an understanding of
its mode of externalization is the earlier ®nding that a simi-polypeptide encompassing residues 500±625 and 825±889
that contain virtually no sequence identity to Hsp 110 and, lar, if not identical, form of the receptor is present in the
cortical granules, in addition to being on the egg surfaceconsequently, reduce the overall identity to 44%. Despite
the primary amino acid sequence similarity of the Hsp 110 (Ohlendieck et al., 1994b). During oogenesis the receptor
appears in these granules before it appears on the cell sur-molecules to the receptor, there are several properties that
distinguish these proteins from the receptor. face. Clearly, further studies on this phenomenon, as well
as more biochemical work on the receptor, will be necessaryFirst, this new family of proteins has been shown to be
localized to the nucleus/nucleolus or to the cytoplasm, before we can de®ne its path to the cell surface and its
mechanism of surface association.whereas the receptor is localized on the cell surface based
on the following observations: (a) Immunohistochemical
studies using both ¯uorescent (Foltz and Lennarz, 1992;
Giusti et al., 1997) and gold-tagged (Ohlendieck et al.,
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